Abstract: Histopathological and electrocardiographic features of myocardial lesions induced by combretastatin A4 disodium phosphate (CA4DP) were evaluated, and the relation between myocardial lesions and vascular changes and the direct toxic effect of CA4DP on cardiomyocytes were discussed. We induced myocardial lesions by administration of CA4DP to rats and evaluated myocardial damage by histopathologic examination and electrocardiography. We evaluated blood pressure (BP) of CA4DP-treated rats and effects of CA4DP on cellular impedance-based contractility of human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs). The results revealed multifocal myocardial necrosis with a predilection for the interventricular septum and subendocardial regions of the apex of the left ventricular wall, injury of capillaries, morphological change of the ST junction, and QT interval prolongation. The histopathological profile of myocardial lesions suggested that CA4DP induced a lack of myocardial blood flow. CA4DP increased the diastolic BP and showed direct effects on hiPS-CMs. These results suggest that CA4DP induces dysfunction of small arteries and capillaries and has direct toxicity in cardiomyocytes. Therefore, it is thought that CA4DP induced capillary and myocardial injury due to collapse of the microcirculation in the myocardium. Moreover, the direct toxic effect of CA4DP on cardiomyocytes induced myocardial lesions in a coordinated manner.
Introduction
Combretastatin A4 disodium phosphate (CA4DP; fosbretabulin) [cis-1-(3,4,5,-trimethoxy-phenyl)-2-(4'-methoxyphenyl) ethane-3′-0-phosphate, disodium salt] is the prodrug of the tubulin-disassembling agent combretastatin A4 (CA4) derived from Combretum caffrum 1 . Preclinical studies have demonstrated that CA4DP inhibits tumor vascularization and induces central tumor necrosis 2, 3 . However, whereas therapeutic benefits of CA4DP were found in clinical trials, hypertension, tachycardia, bradycardia, QT prolongation, and myocardial infarction were observed at a high frequency 4 . This cardiovascular toxicity of CA4DP is a major risk of chemotherapy, because CA4DP tends to be administered to older patients who have co-existing cardiovascular disease.
Microtubules play roles in cardiac development and the regulation of contraction 5 . It has already been reported that a high dose of microtubule-disassembling agents such as colchicine and vincristine induced myocardial damage in rats [6] [7] [8] , whereas a low dose of these drugs had cardioprotective effects 9, 10 . As for CA4DP, the hypertensive effect of CA4DP and inhibitory effect of antihypertensive drugs have been studied 11 . Also, electrocardiogram (ECG) evidence of an acute coronary syndrome was observed in a clinical trial 12 . Therefore, it is thought that a change in vascular function is involved in cardiac damage. However, the histopathological profile of myocardial lesions and the underlying mechanism of cardiotoxicity induced by CA4DP are not known, and the relation between the vascular change and myocardial lesions has not been fully discussed. In addition, it is presumed that CA4DP affects potential repolarization in the ventricular myocardium 12 . Moreover, several in vitro studies have revealed that colchicine, another microtubule-disassembling agent, stimulates beating cardiomyocytes 13 and enhances Na + and Ca 2+ currents in cardiomyocytes 5, 14, 15 . However, laboratory evidence about the direct effects of CA4DP on cardiomyocytes has not been reported.
This study aimed to clarify the histopathological and electrocardiographic features of myocardial lesions induced by CA4DP and to discuss the relation between myocardial lesions and vascular change and the direct toxic effect on cardiomyocytes. First, we made an attempt to induce myocardial lesions by administration of CA4DP to healthy rats and evaluated myocardial damage histopathologically and electrocardiographically. Next, in order to examine the relation between myocardial lesions and vascular change, we evaluated blood pressure (BP) in CA4DP-treated rats. Moreover, the effect of CA4DP on cellular impedance-based contractility (an in vitro measure of cell viability and contractility [16] [17] [18] [19] [20] ) was evaluated using human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs), in order to examine the direct effect of CA4DP on cardiomyocytes.
Materials and Methods

Ethics
All experiments using rats were conducted in accordance with the guidance of the Institutional Animal Care and Use Committee of Yakult Central Institute or the Animal Experimentation Guidelines of the University of Tokyo, and were approved by the Institutional Animal Care and Use Committee of Yakult Central Institute or the Institutional Animal Care and Use Committee of the Graduate School of Agricultural and Life Sciences at the University of Tokyo. All experiments using hiPS-CMs were approved by the Human Studies Committee of Yakult Central Institute, Tokyo, Japan, in accordance with the guidelines of the Helsinki Declaration and the Human Studies Committee.
Animals
Male SD rats (Crl:CD(SD)) aged 5-6 weeks were used. Rats were singly-housed in plastic or stainless steel mesh cages in a controlled environment (light-dark cycle 12/12 hours, temperature 23 ± 3°C) with ad libitum access to laboratory basal feed and tap water.
Chemicals
CA4DP was purchased from MedKoo Biosciences (Chapel Hill, NC, USA) and Sigma-Aldrich (St. Louis, MO, USA). CA4 was obtained from Sigma-Aldrich.
Evaluation of histopathological changes
A total of 14 rats were divided into four groups as described in Table 1 . At 6 weeks of age, CA4DP (four doses of 30 or 60 mg/10 mL/kg at intervals of 24 hours or two doses of 120 mg/10 mL/kg at an interval of 72 hours) or saline (two doses at an interval of 72 hours) was administered via the caudal vein by bolus infusion. On the day after the last administration, the rats were anesthetized with isoflurane, and necropsy was performed. Also, one rat administered four doses of CA4DP 60 mg/10 mL/kg died unexpectedly before necropsy because of CA4DP toxicity. The cause of death was thought to be the cardiotoxicity of CA4DP because severe myocardial necrosis had been observed in this rat. After exsanguination, the hearts of the rats were removed and immediately fixed in 10% neutral phosphatebuffered formalin. The fixed hearts were cross-sectioned in two planes through the ventricles as described in a previous report 7 . The fixed hearts was embedded in paraffin and sectioned at a thickness of 4-6 μm. The specimens were stained with hematoxylin and eosin (HE). Observation of these specimens was performed using a light microscope (BX51, Olympus Corporation, Tokyo, Japan).
Evaluation of ECG data
Two rats were used (animal No. 1 and No. 2). At 5 weeks of age, a small telemetry device (weight = 3.9 g, volume = 1.9 cc; TA10ETA-F20, Data Sciences International, New Brighton, MN, USA) for transmitting ECG data was implanted in the dorsal subcutaneous region under anesthesia with pentobarbital sodium. Paired wire electrodes that came with the telemetry device were placed under the skin of the dorsal and ventral thorax to record the apex-base (A-B) lead ECG. One week after surgery, ECG signals were recorded from each rat in a cage that had been placed on a signalreceiving board (RA1610, Data Sciences International, New Brighton, MN, USA). ECG data were continuously sampled at 1 ms intervals, and all data analyses of ECG-wave components were performed using an ECG processor analyzing system (SRV2W and SP-2000, Softron, Tokyo, Japan) on a personal computer in series with an analog-digital converter; the ECG data were stored on an external hard disk. During the period of ECG recording, CA4DP 50 mg/10 mL/kg was administered to both rats via the caudal vein by bolus infusion, 3 times at intervals of 24 hours. ECG was recorded until 12 hours after the third administration. The consecutive ECG waves for 4 seconds were averaged, and the ECG wave components (RR interval, QRS duration, PR interval, and QT interval) were analyzed. 
Evaluation of BP
A total of 9 rats were used. At 6 weeks of age, rats were anesthetized with isoflurane, and placed in a supine position. The femoral artery was exposed, and a polyethylene catheter filled with heparinized saline was inserted. The catheter was connected to transducer amplification equipment (Nippon Denki San-ei, Tokyo, Japan) via a pressure transducer (Nihon Kohden Corporation, Tokyo, Japan), and the arterial pressure was recorded. BP was continuously sampled at 1 ms intervals, and all data analyses were performed using an ECG processor analyzing system (SBP-2000, Softron, Tokyo, Japan) on a personal computer in series with an analog-digital converter. During the period of BP recording, CA4DP 120 mg/10 mL/kg or saline 10 mL/kg was administered as a single dose via the caudal vein by bolus infusion (n = 5 for CA4DP and n = 4 for saline). BP was recorded until 30 minutes after administration. Consecutive BP waves for 4 seconds were averaged, and the BP compo-
, and mean BP [MBP] ) and heart rate (HR) were analyzed.
Toxicokinetic analysis
Rats were administered a single intravenous dose of CA4DP at 120 mg/10 mL/kg by bolus infusion (n = 3). Blood was taken via the jugular vein and collected in heparincoated tubes at 10 minutes and 1, 3, 6, and 24 hours after administration. Plasma was separated by centrifugation immediately after sampling. After centrifugation, an aliquot of plasma was mixed with the equivalent volume of 1% formic acid and stored at −20°C. The thawed plasma samples were purified by solid-phase extraction, and the plasma concentrations of combretastatin A4 phosphate (free base of CA4DP; CA4P) and combretastatin A4 (the metabolite of CA4DP; CA4) were determined by liquid chromatographytandem mass spectrometry (LC-MS/MS). Toxicokinetic parameters [maximum concentration (C max ), terminal halflife (T 1/2 ), and area under the concentration-time curve from time zero to infinity (AUC 0-inf )] were obtained by non-compartmental analysis using Phoenix WinNonlin 6.3 (Certara USA, Inc., Princeton, NJ, USA).
Evaluation of cellular impedance
Analysis of cellular impedance of hiPS-CMs using an xCELLigence Cardio Analyzer (ACEA Biosciences, San Diego, CA, USA) was performed with reference to and modification of the methods in earlier studies [16] [17] [18] [19] [20] . Briefly, iCell hiPS-CMs were purchased from Cellular Dynamics International (Madison, WI, USA). hiPS-CMs were thawed and cultured in 96-well xCELLigence Cardio E-plates (ACEA Biosciences) at 20,000 cells/well and 37°C in 5% CO 2 , using plating medium and maintenance medium specifically for iCell hiPS-CMs (Cellular Dynamics International), according to the manufacturer's protocol. During the incubation period, the impedance values 19, 20 were monitored continuously using an xCELLigence Cardio Analyzer according to the manufacturer's instructions. Impedance was continuously sampled at 12.9 ms intervals and monitored at every measurement point with a 20 second sweep duration. After incubation for 14 days, test compounds (100 nM, 1 μM, and 10 μM CA4DP; 100 nM, 1 μM, and 10 μM CA4; and 0.1% H 2 O for CA4DP or 0.1% DMSO for CA4 [vehicle] ) (n = 3 well) were added to the culture. Then, impedance cell index (CI) 17, 19, 20 and beating rate 16, 18, 20 were calculated using dedicated software. Data for CI and beating rate were normalized by the value immediately before the addition of test compounds. The CI for 36 hours after administration was used to detect cytotoxic effects. The beating rate at 15 minutes, 3 hours, and 12 hours after administration were used to detect changes in contractility.
Statistics
Mann-Whitney's U-test was used for analysis of blood pressure. Dunnett's test was used for analysis of beating rate using cellular impedance.
Results
Evaluation of histopathological changes
In the ventricles of rats given four doses of CA4DP at 30 mg/10 mL/kg at intervals of 24 hours, infiltration of inflammatory cells around capillaries was observed (Fig. 1A) . In the ventricles of the rat given four doses of CA4DP at 60 mg/10 mL/kg at intervals of 24 hours (the surviving rat), edema around capillaries and pyknosis of capillary endothelial cells (Fig. 1B) were observed. On the other hand, relatively larger arteries in the heart did not show obvious change in these rats. In the ventricles of rats given four doses of CA4DP at 60 mg/10 mL/kg at intervals of 24 hours (the rat that died) or two doses of CA4DP at 120 mg/10 mL/kg at an interval of 72 hours, multifocal necrosis of the myocardium, infiltration of inflammatory cells, and dilatation of capillaries (Fig. 1C) were observed. Sites of predilection for these myocardial lesions were the interventricular septum and subendocardial regions of the apex of the left ventricular wall (Fig. 1D) .
Evaluation of ECG data
The ST junction became obvious after the second administration of CA4DP 50 mg/10 mL/kg (Fig. 2B) . The RR interval and PR interval at 1-3 hours after the second and third administrations became longer than those at right before administration (Fig. 3A, C) . Therefore, it was thought that the RR interval and PR interval were transiently prolonged at 1-3 hours after the second and third administrations (Fig. 3A, C) . The QT interval on the day before administration showed little variation; however, it gradually became prolonged throughout the dosing period (Fig. 3D) . This prolongation of the QT interval was irrespective of the change in RR interval (Fig. 3E) . The QRS duration was not altered during the dosing period (Fig. 3B) .
Evaluation of BP
DBP and MBP at 30 minutes after administration were higher in rats treated with CA4DP 120 mg/10 mL/ kg (Fig. 4A, C, D) . On the other hand, SBP did not change for 30 minutes in rats treated with CA4DP 120 mg/10 mL/ kg (Fig. 4B) . HR slightly decreased at 5 minutes after administration in rats treated with CA4DP 120 mg/10 mL/kg (Fig. 4E) .
Toxicokinetic analysis
The toxicokinetic parameters of CA4P and CA4 in rats treated with CA4DP 120 mg/10 mL/kg are indicated in Table 2 . The values of C max , T 1/2 , and AUC 0-inf for CA4P were 298 ± 39 μM, 0.868 ± 0.044 h, and 153 ± 24 h•μM, respectively. Those for CA4 were 156 ± 13 μM, 5.87 ± 1.69 h, and 89.4 ± 10.1 h•μM, respectively.
Evaluation of cellular impedance
The CI of the CA4DP-treated hiPS-CMs rapidly decreased by 5-10% within 1 hour. Moreover, from 4-5 hours after administration, the CI began to decrease gradually, and it continued to do so for the remainder of the recording period (Fig. 5A) . The CI of the CA4-treated hiPS-CMs decreased in a manner similar to CA4DP-treated hiPS-CMs (Fig. 5B) .
The beating rate of the CA4DP-treated hiPS-CMs was increased at 3 hours and 24 hours after administration (Fig. 6A) . The beating rate of the CA4-treated hiPS-CMs was increased at 15 minutes, 3 hours, and 24 hours after administration (Fig. 6B) . ECG of a rat after administration of CA4DP 50 mg/10 mL/kg. This trace was obtained 23 hours after the second administration of CA4DP 50 mg/10 mL/kg. In this ECG, the ST junction is obvious (arrow).
Discussion
In our histopathological analysis, multifocal myocardial necrosis was observed in the interventricular septum and inner layer of the apex of the left ventricular wall. It is generally thought that the myocardium of the interventricular septum and inner layer of the apex of the left ventricular wall develops multifocal necrosis when regional blood flow becomes low relative to the workload of the myocardium. So, it is thought that CA4DP induced a regional lack of blood flow in the heart of the rats. In addition, histopathological changes of capillary endothelial cells of the heart were induced by CA4DP. Therefore, it seems reasonable to suppose that CA4DP induced microcirculatory collapse in the myocardium and that this microcirculatory collapse led to a decrease in blood supply and injury of the myocardium. Our previous report suggested that other microtubule-disassembling agents (colchicine and vincristine) induce hypoxia of the myocardium along with vascular endothelial damage 7 . However, CA4DP is used as an inhibitor of tumor vascularization, and it has been revealed that overdose of CA4DP injures vascular endothelial cells of normal tissue, as in the case of other microtubule-disassembling agents.
We detected myocardial changes induced by CA4DP not only by histopathological analysis but also by ECG analysis. Whereas rats are not suitable for prediction of the White bars and filled bars in horizontal axes indicate the light period and dark period, respectively. A: The RR interval was prolonged at 1-3 hours after the second and subsequent administration. B: The QRS duration was not altered during the dosing period. C: The PR interval was prolonged at 1-3 hours after the second and subsequent administration. D: The QT interval was gradually prolonged throughout the dosing period. E: The QT interval was prolonged after administration of CA4DP irrespective of changes in the RR interval.
risk of torsade de pointes because their dominant transient outward current relies on the transient outward K + current (IKto), multiple studies have shown the similarity of pathophysiological changes in the ECG of rats and humans 21 . Therefore, it has been claimed that rat ECG analysis has utility in toxicology. In CA4DP-treated rats, the morphological features of the ST junction was altered, and the QT interval was prolonged. It is thought that the QT prolongation observed in this study can be explained by a secondary change following ST junction alteration induced by myocardial damage. Myocardial damage in the interventricular septum and inner layer of the apex of the left ventricular wall may be the cause of morphological change of the ST junction.
We also evaluated the change in BP induced by CA4DP in order to discuss the relation between myocardial lesions and vascular change. BP analysis showed that administration of CA4DP for 30 minutes induced an increase only in DBP but not in SBP. Conventionally, it has been assumed that high vascular resistance, which is produced by small arteries and capillaries, is reflected by an elevated DBP, whereas the SBP is determined by the stroke volume and compliance of larger arteries 22 . Therefore, the most likely explanation for the CA4DP-induced BP change is that small arteries and capillaries became less elastic due to the effects of CA4DP but that larger arteries did not change at that time. Since endothelial cells play an important role in regulation of vascular tension by production of vasoactive agents such The SBP of CA4DP-treated rats did not change throughout the recording period. C: Time course of DBP change in response to a single intravenous injection of CA4DP 120 mg/10 mL/kg or saline 10 mL/kg. The DBP of CA4DP-treated rats became higher than that of saline 10 mL/kg-treated rats at 30 minutes after administration. D: Time course of MBP change in response to a single intravenous injection of CA4DP 120 mg/10 mL/kg or saline 10 mL/kg. The MBP of CA4DP-treated rats became higher than that of saline 10 mL/kg-treated rats at 30 minutes after administration. E: Time course of HR change in response to a single intravenous injection of CA4DP 120 mg/10 mL/ kg or saline 10 mL/kg. The HR of CA4DP 120 mg/10 mL/kg-treated rats decreased slightly at 5 minutes after administration. B-E: Each dot represents a mean ± SE. *: p<0.05 compared with rats given saline. as endothelin and nitric oxide 23, 24 , endothelial damage induced by CA4DP may be related to hypertensive effects. Further studies are needed to clarify the molecular mechanism of the hypertensive effect of CA4DP. Moreover, it is reported that endothelial microtubule disruption blocked flow-mediated dilation of arterioles of the heart and skeletal muscle 25 . This loss of elasticity of small arteries and capillaries and inhibition of dilation of arterioles may be exacerbative causes of the lack of blood flow in the heart. Finally, we used hiPS-CMs to examine the possibility that CA4DP and CA4 (the metabolic product of CA4DP) have direct toxicity in cardiomyocytes. hiPS-CMs have major ion channels, receptors, transporters, and contractile proteins and are known to respond to selective modulators in a manner similar to the human myocardium 20, [26] [27] [28] . Therefore, it is thought that hiPS-CMs are useful for prediction of cardiotoxicity in clinical situations. We administered CA4DP and CA4 at 100 nM-10 μM to hiPS-CMs. This concentration range is thought to be suitable for experimental conditions, since the values of C max for CA4P and CA4 were higher than 10 μM. In this study, we evaluated the cellular impedance-based contractility of hiPS-CMs, a newly proposed in vitro measure of cell viability and contractility [16] [17] [18] [19] [20] . It is reported that alteration of cell morphology induces a rapid change in CI and that decrease of the live cell number induces a decrease in CI over a prolonged timescale 19 . The results of this study showed that CA4DP and CA4 induced a biphasic response resulting in a decrease in CI: a rapid decrease within 1 hour and a slow decrease throughout the rest of the recording period. It was considered that the rapid decrease of the CI indicates alteration of the morphology of the hiPS-CMs by disruption of the cytoskeleton and that the slow decrease of the CI indicates loss of live hiPS-CMs due to the cytotoxicity of CA4DP and CA4 in addition to alteration of the morphology of the hiPS-CMs. Moreover, the beating rate of the hiPS-CMs treated with CA4DP and CA4 increased. These results suggest that CA4DP and CA4 have cardiostimulatory activity. These direct effects of CA4DP and CA4 on cardiomyocytes may be a cause of myocardial damage. In an earlier report, it was revealed that tubulindisassembling agents, such as colchicine, nocodazole, and vincristine, enhanced beating of cardiomyocytes isolated from newborn rats 13 . CA4DP may have the same cardiostimulatory mechanism as other tubulin-disassembling agents. It has been proposed that microtubules degrade the sarcomeric performance of cardiomyocytes by imposing a viscous load on the cytoplasm 29, 30 and regulate the activates of Na + channels and Ca 2+ channels in cardiomyocytes 5, 14, 15 . These molecular mechanisms may be involved in the increase in the beating rate of cardiomyocytes. The detailed mechanism by which these microtubule-disassembling agents stimulate cardiomyocytes remains to be elucidated. Meanwhile, the RR interval was not shortened in in vivo ECG analysis. In in vivo ECG analysis, the RR interval and PR interval of CA4DP-treated rats became prolonged. Therefore, it is thought that parasympathetic nervous activity was increased in CA4DP-treated rats. It is likely that a vicarious increase in parasympathetic nervous activity occurred in response to BP elevation and that this increase in parasympathetic nervous activity masked the cardiostimulatory activities of CA4DP and CA4. However, these direct effects of CA4DP on cardiomyocytes may be only part of the cause of cardiotoxicity, because myocardial lesions in vivo were not diffuse but instead were multifocal with a predilection for the interventricular septum and subendocardial regions of the apex of the left ventricular wall. It is considered that collapse of the microcirculation and direct cytotoxicity may act in concert to damage the myocardium.
In conclusion, we demonstrated that CA4DP induced myocardial lesions in healthy rats, which were suggested to be the result of a regional lack of blood flow, in addition to myocardial capillary lesions. Moreover, CA4DP induced morphological alteration of the ST junction with prolongation of the QT interval and an increase in DBP. Microcirculatory collapse due to endothelial damage was suggested to be the main cause of the CA4DP-induced regional lack of blood flow. In addition, CA4DP showed a direct toxic effect on cardiomyocytes. This direct toxic effect on cardiomyocytes and dysfunction of myocardial capillaries presumably caused myocardial lesions in a coordinated manner. Based on our results, it is speculated that control of blood pressure and protection of capillary endothelial cells are important for prevention of the cardiotoxicity of CA4DP. Further integrated studies with molecular and whole-body approaches under controlled blood pressure and endothelial cell conditions are needed to better understand coping strategies for the cardiotoxicity of CA4DP.
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